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RELATED APPLICATIONS 

[0001] This application claims the benefit of U.S. Provisional Application No. 

60/470,686, filed May 14, 2003 (Attorney Docket No. MP0351PR), which is incorporated herein 
by reference in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention generally relates to the field of power amplification. More 

specifically, embodiments of the present invention pertain to an adjustable, segmented power 
amplifier, circuitry, architectures, and devices including such a power amplifier, and methods for 
operating such a power amplifier 

DISCUSSION OF THE BACKGROUND 

[0003] Radio fi-equency (RF) transmitters in wireless networks are generally required to 

operate in a linear region of a power- vs.-gain curve. If the transmitter is used in a system over a 
range of transmission power, linearity is generally measured by how the output gain (e.g., the 
PldB, or IdB compression point with reference to the output power) scales as a fimction of 
output power. For example, as the transmitter power is lowered, the PldB requirement is also 
reduced, and the power amplifier power dissipation should also be reduced for efficient 
operation. 

[0004] To achieve optimal efficiency, circuit designers typically design a power amplifier 

to be as efficient as possible while meeting the linearity requirements. For a bipolar power 
amplifier (such as those typically used in RF transmitters), an optimal bias point is the bias at 
which the class B effect of low power signal gain expansion cancels or offsets the class A effect 
of high-power signal gain compression. This optimal class A/B bias point can also be 
represented as an optimal voltage at the base of the bipolar amplifier transistor or an optimal 



Customer No.: 23624 

Express Mail No.: BU492045616US 



MP0351 application 



(' 



f 



Docket No. : MP0351 Page 3 

emitter current density in the bipolar power amplifier. The designer therefore scales amplifier 
device sizes such that sufficient power is provided to the load at the amplifier output (which may 
be scaled with an impedance network to maximize ampHfier efficiency). For a fixed transistor 
size and a given optimal quiescent current density, efficient operation is possible only over a 
relatively small transmission power range, and maximum efficiency is possible only at a single 
transmission power. 

[0005] If one could change the size of the bipolar device(s) in the amplifier, one could 

maintain the optimal emitter current density over a relatively large output power range. For 
example, one may wish to implement a low power mode (e.g., where the output is in the range of 
fi-om 0 to 10 dBm), in addition to a "normal operation" mode (e.g., where the output is in the 
range of from 10 to 20 dBm). However, once the bipolar ampUfier is manufactured, the size of 
the devices generally cannot be changed, thereby effectively preventing the same power amp 
from providing highly eflBcient low power and "normal operation" modes. 

[0006] One approach to providing power amplification over a range exceeding the linear 

range of a single amplifier has employed multiple amplifiers, each having a different linear range 
of operation. In this approach, one simply selects the appropriate amplifier for the power range 
in which one is operating. However, such an approach consumes a relatively large chip area, in 
comparison to single amplifier designs. Furthermore, this approach typically introduces a digital 
or CMOS switch in the RF signal path, thereby introducing (i) non-linearities into the signal 
ampUfication fiinction and/or (ii) attenuation and/or insertion loss into the signal itself. 

[0007] Another approach has varied the bias applied to the power amp. While this 

approach extends the efficient range of operation, it does so at the cost of reduced linearity and 
potentially unacceptable Unearity at the lower end of the output power range. Thus, a need is felt 
for a power amplifier that operates efficiently over a large output power range and that does not 
consume an inordinate amount of chip area. 
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SUMMARY OF THE INVENTION 

[0008] Embodiments of the present invention relate to adjustable, segmented amplifier 

circuits and architectures, systems including such an amplifier, and methods for amplifying an 
analog signal using such an amplifier. The circuits and/or architectures generally comprise (a) a 
5 first fixed stage configured to amplify an analog signal and provide a first amplified output at a 
first common node; and (b) an adjustable stage comprising a plurality of independently selectable 
parallel amplifier segments, each of the parallel amplifier segments having an input at the first 
common node and an output at a second common node, wherein the adjustable stage is 
configured to provide a unique high-efficiency output power range corresponding to a imique 

10 number of selected parallel amplifier segments. The systems generally comprise an integrated 
circuit (IC) that includes the present ampUfier circuit and/or architecture embodying one or more 
of the inventive concepts disclosed herein. The methods generally comprise the steps of (1) 
amplifying the analog signal in a fixed ampUfier stage, (2) selecting a number of parallel 
ampUfier segments for subsequent signal amplification, and (3) amplifying the amplified analog 

15 signal with the activated parallel, selectable ampUfier segments to generate an output signal in 
one of a plurality of predetermined output power ranges corresponding to the number of selected 
parallel amplifier segments. 

[0010] The present invention advantageously provides a power amplifier that operates 

efficiently over a large output power range, that exhibits unconditional stability over a wide 

20 output power range, and that does not consume an inordinate amount of chip area. Furthermore, 
in certain preferred embodiments, the present amplifier exhibits exceUent input and/or output 
matching and/or an insignificant and/or immaterial degree of parameter variabiUty, regardless of 
the number of parallel output segments that are selected for operation. These and other 
advantages of the present invention wiU become readily apparent firom the detailed description of 

25 preferred embodiments below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



[0011] FIG, 1 is a diagram showing an exemplary architecture for the present adjustable, 

segmented power amplifier. 

[0012] FIG. 2 is a high-level schematic showing an exemplary adjustable stage for the 

5 present adjustable, segmented power amplifier. 

[0013] FIG. 3 is a schematic showing an exemplary bias circuit for the adjustable stage of 

the present ampUfier. 

[0014] FIG. 4 is a high-level schematic showing an exemplary architecture for a pre- 

driver stage of the present power amplifier. 

10 [0015] FIG. 5 is a schematic showing an exemplary implementation of a matched output 

driver receiving an ou^ut firom the present power amplifier. 

[0016] FIGS. 6A-6B are graphs plotting amplifier efficiency as a function of power for an 

embodiment of the present power ampUfier (FIG. 3B) and an otherwise identical power ampUfier 
having an equal number of fixed stages (FIG. 3A). 

15 [0017] FIG. 7 is a block diagram of a transmitter for a wireless network employing the 

present power ampUfier. 

[0018] FIG. 8 is a block diagram of an exemplary power ampUfier for the transmitter of 

FIG. 1, 

[0019] FIG. 9 is a schematic of exemplary predriver circuitry for the power ampUfier of 

20 FIG. 8. 
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[0020] FIG. 10 is a schematic of exemplary ou^ut circuitry suitable for use in 

conjunction with the present invention. 
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DETAILED DESCRIPTION OF TEIE PREFERRED EMBODIMENTS 

[0021] Reference will now be made in detail to the preferred embodiments of the 

invention, examples of which are illustrated in the accompanying drawings. While the invention 
will be described in conjunction with the preferred embodiments, it will be understood that they 
5 are not intended to limit the invention to these embodiments. On the contrary, the invention is 
intended to cover altemadves, modifications and equivalents, which may be included within the 
spirit and scope of the invention as defined by the appended claims. Furthermore, in the 
following detailed description of the present invention, numerous specific details are set forth in 
order to provide a thorough understanding of the present invention. However, it will be readily 
10 apparent to one skilled in the art that the present invention may be practiced without these 
specific details, hi other instances, well-known methods, procedures, components, and circuits 
have not been described in detail so as not to unnecessarily obscure aspects of the present 
invention. 

[0022] Some portions of the detailed descriptions which follow are presented in terms of 

15 processes, procedures, logic blocks, fimctional blocks, processing, and other symbolic 
representations of operations on data bits, data streams or waveforais within a computer, 
processor, controller, circuit, circuit block and/or memory. These descriptions and 
representations are generally used by those skilled in the data processing arts to effectively 
convey the substance of their work to others skilled in the art. A process, procedure, logic block, 
20 fimction, process, etc., is herein, and is generally, considered to be a self-consistent sequence of 
steps or instructions leading to a desired and/or expected result. The steps generally include 
physical manipulations of physical quantities. Usually, though not necessarily, these quantities 
take the form of electrical, magnetic, optical, or quantmn signals capable of being stored, 
transferred, combined, compared, and otherwise manipulated in a computer or data processing 
25 system. It has proven convenient at times, principally for reasons of common usage, to refer to 
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these signals as bits, waves, waveforms, streams, values, elements, symbols, characters, terms, 
numbers, or the like. 

[0023] It should be borne in mind, however, that all of these and similar terms are 

associated with the appropriate physical quantities and are merely convenient labels appUed to 
these quantities. Unless specifically stated otherwise and/or as is apparent firom the following 
discussions, it is appreciated that throughout the present application, discussions utilizing terms 
such as ^'processing," "operating," "computing," "calculating," "determining," "manipulating," 
^^transforming," "displaying" or the like, refer to the action and processes of a computer or data 
processing system, or similar processing device (e.g., an electrical, optical, or quantum 
computing or processing device), that manipulates and transforms data represented as physical 
(e.g., electronic) quantities. The terms refer to actions and processes of the processing devices 
that manipulate or transform physical quantities within the component(s) of a system or 
architecture (e.g., registers, memories, other such information storage, transmission or display 
devices, etc.) into other data similarly represented as physical quantities within other components 
of the same or a different system or architecture. 

[0024] Furthermore, for the sake of convenience and simplicity, the terms "time," "rate," 

and "fi-equency" are generally used interchangeably herein, but are generally given their art- 
recognized meanings. Also, for convenience and simpUcity, the terms "data," "data stream," 
**waveform" and "information" may be used interchangeably, as may the terms "connected to," 
"coupled with," "coupled to" and "in conununication with," as well as the terms "lines," 
"conduits," **traces," "Vires," "busses," "signals," "paths" and "channels," but these terms are 
also generally given their art-recognized meanings. However, the phrases "connected to," 
"coupled with," "coupled to" and grammatical variations thereof may refer to direct and/or 
indirect connections and/or couplings, unless the context specifies a more limited meaning. In 
addition, the term "differential" signal generally refers to a signal transmitted along two separate, 
but complementary, lines where the value of the data in the signal may be determined at least in 
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part by the difference between the values of voltages or relative voltage levels on the 
complementary lines. The terms "adjustable," "programmable," **tunable" and "configurable" 
are also generally interchangeable within the context of this description and generally refer to a 
circuit or circuit element that has a plurality of possible settings or values, one of which becomes 
5 operable, or is fixed or established, in response to a particular state of a single- or multi-bit 
control signal or memory element(s), but these terms also generally are given their art-recognized 
meanings. 

[00251 The present invention concems an adjustable, segmented power ampUfier 

architecture; adjustable amplifier circuitry; devices and systems including such an amplifier 
architecture and/or circuitry; and methods for amplifying an analog signal. The amplifier 
generally comprises (a) a first fixed stage configured to amphfy an analog signal and provide a 
first amplified output at a first common node; and (b) an adjustable stage comprising a plurality 
of independently selectable parallel amplifier segments, each of the parallel amplifier segments 
having an input at the first common node and an output at a second common node, wherein the 
adjustable stage is configured to provide a unique high-eflFiciency output power range 
corresponding to a number of selected parallel amplifier segments. In preferred embodiments, 
the adjustable stage comprises at least four parallel amplifier segments, at least one of which is 
operable and/or enabled concurrently with the power amplifier, and the remainder of which are 
each independently enabled and/or selectable for operation. 

20 [0026] A fiirther aspect of the invention concems an integrated circuit architecture, 

comprising the present adjustable amplifier and a transmitter communicatively coupled to the 
adjustable amplifier, the transmitter being configured to transmit the analog signal to the 
adjustable amplifier. An even fiirther aspect of the invention concems a system, generally 
comprising the present (integrated) circuit, embodying the inventive concepts described herein. 
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[00271 Even further aspects of the invention concern a method of generating an amplified 

analog output signal, comprising the steps of (1) amplifying the analog signal in a fixed amplifier 
stage, (2) selecting a number of parallel amplifier segments for subsequent signal amplification, 
and (3) amphfying the amplified analog signal with the activated parallel, selectable amplifier 
segments to generate an output signal in one of a plurality of predetermined output power ranges 
corresponding to the number of selected parallel amplifia: segments. 

[0028] The invention, in its various aspects, will be explained in greater detail below with 

regard to exemplary embodiments. 

An Exemplarv Power Amplifier Architecture 

[0029] hi one aspect, the present invention relates to an adjustable, segmented power 

amplifier, generally comprising (a) at least one fixed stage configured to amplify an analog signal 
and provide a first amphfied output at a first common node; and (b) an adjustable stage 
comprising a plurality of independently selectable parallel amplifier segments, each of the 
parallel ampHfier segments having an input at the first common node and an output at a second 
common node, wherein the adjustable stage is configured to provide a unique high-efficiency 
output power range corresponding to a number of selected parallel amplifier segments. In one 
preferred embodiment, the power amplifier output characteristics are substantially insensitive to 
the number of ampUfier segments in the adjustable stage that are selected. In yet further 
preferred embodiments, the adjustable stage may be programmably sized to maintain an optimal 
andyor predetermined current density for a given output power range. In addition, preferred 
embodiments of the present power amplifier contain no digital or CMOS switches of any kind in 
the signal path. These embodiments (and others) will be explained below in greater detail and 
with reference to the drawings. 

[0030] FIG. 1 shows adjustable, segmented power amplifier architecture 10. The 

architecture shown includes current amplifier 12, fixed predriver 14, adjustable stage 16, 
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matching network 18 and antenna 20, Amplifier 12, fixed predriver 14, and anteima 20 are 
generally conventional, although matching network 18 may comprise any conventional balun, 
signal transformer or differential-to-single ended signal converter. As shown in FIG. 1, 
adjustable stage 16 includes four parallel, independently selectable amplifier segments 22a-22d, 
although any plural number of stages (i.e., at least two) is encompassed by the present invention. 
Depending on the target output power range, one or more of the parallel amplifier segments 22a- 
22d may be selected. 

[0031] While the embodiment of FIG. 1 shows four parallel amplifier segments 22a-22d, 

any number of parallel amplifier segments may be implemented. The mmiber of parallel 
ampUfier segments to be included may depend on one or more factors, including the desired 
output power range, the minimum desired power amp efficiency, the maximum desired gain 
expansion at low power operation, the desired maximum size/area of the power amp cu-cuitry, 
the maximum line lengths of inter-stage busses, the minimum signal propagation speed, etc., as 
described herein. The minimum number of parallel amplifier segments in adjustable stage 16 is 
two, but a target number of parallel amplifier segments may be defined by the output power 
range divided by 6 dB. More particularly, the target number of parallel amplifier segments may 
be 2", where n equals the desired output range divided by 6 dB (which may, in turn, be rounded 
up to the nearest integer value). 

[0032] In general, at least one of the parallel amplifier segments 22a-22d in adjustable 

stage 16 is operable or enabled whenever power amp 10 is operable or enabled (e.g., not powered 
down). Thus, when adjustable stage 16 comprises n parallel amplifier segments of substantially 
the same (i) size, (ii) design and/or layout, and/or (iii) gain fimction, output power and/or power 
efficiency characteristics, (n-1) of those ampUfier segments may be independently selected. In 
this "same size" or "thermometer code array" embodiment, the characteristics and/or 
perforaiance matching of the amphfier segments are generally very good. 
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[0033] Alternatively, the parallel amplifier segments 22a-22d in adjustable stage 16 may 

have different sizes, or some may be the same size while others have a different size. For 
example, rather than an array of eight parallel amplifier segments of substantially the same size, 
one may design three amplifier segments such that the output power of a first parallel amp is 
5 twice that of a second, and the output power of the third is twice that of the first, giving a kind of 
digital selectability to the output power of the adjustable stage. Thus, in the case where the 
parallel amp segments have different sizes, generally at least one of the parallel amp segments 
will always be enabled, but it may not always be the same segment (as is the preferred case when 
all parallel amp segments have substantially the same size). 

10 [0034] FIG. 2 shows a simphfied schematic for the predriver and output stages of the 

present power ampUfier. While single-ended ampHfier stages are shown, the present invention is 
equally applicable to differential amplifier stages (see the description of FIGS. 8-10 below). 
Fixed predriver stage 14 generally comprises an NPN bipolar transistor 30 and an inductor 32. 
However, transistor 30 may comprise any type of bipolar or CMOS transistor, such as a PNP 

1 5 bipolar transistor or an NMOS or PMOS transistor, as may any other bipolar transistor mentioned 
in this specification, but bipolar transistors are preferred for their speed and sensitivity. Bipolar 
transistor 30 receives previous stage output 13 at its base, and outputs an amplified signal at node 
15, which is received by each of amplifier segments 22a-22d of adjustable stage 16 (i.e., Ni = 
output node 15). Inductor 32 (which may be considered a "choke" inductor) is configured to 

20 provide a conventional bias and/or load to predriver output 15, and may provide second-order 
"low Q" matching firom output node 25 to the input of adjustable output stage 16. This is 
particularly advantageous in high speed and/or high fi-equency applications (e.g., about 1 GHz or 
greater, and in one implementation, about 2.4-2.5 GHz). 

[0035] Each of amplifier segments 22a-22d generally comprises an NPN bipolar 

25 transistor 34, a capacitor 36 and a resistor 38 coupled in series to the base of bipolar transistor 34, 
and an inductor 40 coupled at one end to the node between capacitor 36 and resistor 38 and at the 
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other end to an output P1-P4 from a corresponding bias circuit. An individual amplifier segment 
22a, 22b, 22c or 22d may be selected for operation by applying a bias to the corresponding 
inductor 40. Conversely, an individual ampUfier segment 22a, 22b, 22c or 22d may be 
deselected (or disabled) by not applying a bias to the corresponding inductor 40, and instead, 
5 pulling that end of the inductor 40 to ground. Ideally, the bias circuit output current P1-P4 will be 
substantially the same for any of amplifier segments 22a-22d that are selected or enabled, in the 
embodiment where each of ampUfier segments 22a-22d are substantially the same. Coupling 
inductor 42 is intended to provide a conventional load onto adjustable stage output 25 and/or 
resonate adjustable stage output 25 with an output matching network (to be described in greater 
1 0 detail with respect to FIG. 5). 

[0036] Each of capacitors 36a-d receive the predriver stage output 15 (i.e., Nl = output 

node 15) and, in conjunction with inductor 32 and a corresponding inductor 40a-d, provides a 
"stepped-down" signal to a corresponding transistor 34a-d. Resistors 38a-d generally serve as 
*l3allast" resistors, to stabiUze the load on the base of the corresponding transistor 34. Resistors 

15 38a-d are configured such that the Q of resonant circuit between inductors 40a-d and the Ct (i.e., 
the emitter-base capacitance) at capacitors 36a-d is sufficiently low to enable the interstage 
matching between the predriver stage output 15 and the bases of transistors 34a-d to be 
substantially unaffected when one or more additional amplifier segments 22a-d are tumed on or 
off (assuming at least one of amplifier segments 22a-d are always on). C^ of capacitors 36a-d 

20 changes depending on the number of amplifier segments 22a-d that are on, but the Q is generally 
suflBciently low to enable the interstage matching to be relatively stable (i.e., substantially 
insensitive to the number of selected amplifier segments 22a-d). 

[0037] Inductors 40a-d are configured to resonate the C^r at the base of transistors 34a-d 

(or, alternatively, the Cos, or gate-source capacitance, of a corresponding MOSFET transistor), 
25 which can be relatively large in the single amplifier segment case, with the firequency of output 
signal 25, which can be quite high (on the order of 1-10 GHz, and in one implementation, about 
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2.4 GHz). As a result, a relatively small inductance should be designed into the input of the final 
amplifier stage. In such applications, where the fixed amplifier stages are relatively large, if a 
single inductor is coupled directly to the final stage input, it could be quite challenging to design 
and/or lay out an inductor with a sufficiently small inductance; e.g., the inductance of the 
5 routing/wiring to the inductor could dominate that of the inductor itself. Thus, another advantage 
of the present power amp architecture is that each parallel amp segment 22i can be configured 
with its own inductor 40i, thereby enabling effective coupling through use of the inductor 40i and 
the routing/wiring thereto. 

[0038] FIG. 3 shows an exemplary bias circuit 50, configured to provide aniplifier 

10 segment 22a (see FIG. 2) with a corresponding bias current Pi. Although any conventional bias 
generator can be employed with the present power amplifier, exemplary bias circuit 50 has some 
particular advantages for the present amplifier architecture. 

[0039] A current mirror 60 comprises (i) a first leg, including current source 64, NPN 

bipolar transistor 52 and capacitor 62, and (ii) a second leg including NPN bipolar transistor 54 

15 and resistor 56. Current source 64 is conventional, and may comprise a digitally programmed 
current source that includes a conventional digital-to-analog converter (DAC), configured to 
provide a programmable current to current mirror 60. The programming of the DAC (and thus, 
the amount of current provided by ciurent source 64) corresponds to and/or depends on the 
number of amplifier segments 22a-22d that are selected for operation. Transistor 52 is 

20 eflFectively a diode-connected device, and resistor 56 is configured to keep transistor 52 on (a so- 
called "bleeder" resistor). Transistor 54, which receives the output of current source 64 (along 
with the emitter of transistor 52), is configured to provide current to the base of transistor 52. 
Generally, the node between capacitor 62 and current source 64 is the dominant pole of ciirrent 
mirror 60, and node 55 (more specifically, the capacitance thereof) is the non-dominant pole. 
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[0040] To ensure the predictability and stability of output power efficiency independent 

of the number of amplifier segments 22a-22d that are selected for operation, bias circuit 50 
comprises a third leg, including resistor 58 and emitter follower NPN transistor 66, which 
receives as an input to its base the current mirror output signal at the node 55 between the emitter 
5 of transistor 54 and resistor 56. The third leg of bias circuit 50 acts as a buffer to improve 
reverse isolation between current mirror 60 and the bias input Pi. The capacitance and/or current 
at node 55 may vary as a fimction of the number of selected amplifier segments 22a-d in 
adjustable stage 16 (see FIGS. 1-2), sometimes to an unacceptably large range of values. 
Buffering node 55 with an emitter follower device enables one to ensure stability of bias input Pi. 

10 [0041] As will be explained in greater detail with respect to FIG. 8, in a preferred 

embodiment, each parallel amplifier segment in the adjustable output stage has at least one 
unique or corresponding bias generator circuit 50i. When each ampUfier segment 22i has its own 
bias generator circuit 50i, the stability of certain amplifier characteristics and/or parameters 
independent of the number of active or enabled segments in output stage 16 is improved relative 

15 to the case where a single bias generator provides the same bias to each amplifier segment. 

[0042] FIG. 4 is a schematic showing components of exemplary second (predriver) stage 

14 and adjustable stage 16 of power amplifier 10 that can be configured for interstage (input) 
matching. Predriver stage 14 generally includes NPN bipolar amplifier transistor 30, inductor 32, 
and predriver output node OUT. Inductor 32 fiinctions as described above with respect to FIG. 2. 

20 The input matching circuit generally comprises inductor 32, capacitor 70, resistor 72, inductor 74 
and capacitor 76. Inductor 74 and capacitor 76 act as a resonant tank or circuit for the input to 
adjustable stage 16. Because ballast resistor 72 keeps the Q of the input matching circuit low, the 
capacitance of capacitor 76 can vary so that the resonance frequency of the transformation 
network (e.g., signal converter 18, coupled to the amplifier output) and of the resonant tank can 

25 be kept relatively constant and insensitive to the nxunber of parallel amplifier segments selected 
in adjustable stage 16. 



Customer No.: 23624 



Express Mail No.: EU492045616US 



MP0351 application 



*- • f ( 

Docket No.: MP03S1 Page 16 

An Exemplary Adjustable Power Amplifier Stage with Output Matching 

[0043] FIG. 5 shows an exemplary output driver segment and output matching network 

100. Differential output driver segment 122 corresponds to one of parallel ampUfier segment 
22a-d in FIGS. 1-2. As for the exemplary power amp circuit 10 in FIG. 1, the adjustable output 
5 stage 16 may comprise four such differential segments 122 in parallel. Output driver segment 
122 generally comprises differential output transistors 102 and 104, differential input matching 
inductors 114 and 116 (coupled to bias input 1 12 and which correspond to inductor 40a-d in FIG. 
2), and differential input capacitors 118 and 120. The ou^ut matching network generally 
comprises differential output capacitors Ci and C2, output inductors 126 and 128, microstrip 
10 transmission lines 130 and 132, capacitor 134, and balun 136 (comprising a center-tapped 
transformer). Antenna 140 is shown for reference. Inductor 110 represents the inductance of the 
bond wire to a ground potential. 

[0044J A differential input signal INN/INP is applied to coupling capacitors 118 and 120. 

Differential output transistors 102 and 104 are preferably NPN bipolar transistors, as shown in 
15 FIG. 5. However, as described above, transistors 102 and 104 may comprise any type of bipolar 

or CMOS transistor, such as a PNP bipolar transistor, or an NMOS or PMOS transistor. 

Transistors 102 and 104 may each comprise a single transistor, or multiple transistors in parallel, 

with commonly-coupled control gates, electron sources and outputs. As described above, 

differential input matching inductors 114 and 116 are communicatively coupled to, and 
20 preferably configured to receive, a bias 112. In one embodiment, bias 112 is the bias current 

output Pi fi*om exemplary bias circuit 50 (see FIG. 3). 

[0045] Since there are multiple ou^ut driver segments 122 coupled to output nodes 

OUTN and OUTP, the capacitance at output nodes OUTN and OUTP will change slightly as a 
function of the number of output driver segments selected for operation. Thus, the "low Q" 
25 output matching network comprises capacitors C\ and C2 to reduce the effect that a variable 
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number of selected output segments has on output node capacitance, thereby optimizing the 
output matching network for substantially constant operational characteristics and/or 
performance, independent of the number of adjustable output stage segments that are selected for 
operation. As a result, the present power amplifier may further comprise a "low Q" and/or "tt- 
5 matched'* output matching network that is substantially insensitive to signal routing parasitics, 
variations in processing technology, and/or the number of selected parallel output amplifier 
stages. 

[0046] The balance of the output matching network (as well as the balance of the output 

signal path from output driver 122 to signal converter 136) generally comprises output inductors 
10 126 and 128, microstrip transmission lines 130 and 132, and differential capacitor 134. Output 
inductors 126 and 128 generally represent the inductances of the bond wires and package lead(s) 
corresponding to the output signal OUTN/OUTP. Where capacitors Ci and Ca may form one end 
(the "step-down" end) of a "low Q, 7r-matched" impedance matching network across inductors 
126 and 128, differential capacitor 134 forms the other end (the "step-up" end). 

15 [0047] FIGS. 6A and 6B compare the power efficiencies of otherwise identical single- 

segment (FIG. 6A) and four-segment output stage power amps, as a function of output power. In 
the single-segment output stage case (graph 200, FIG. 6A), efficiency reaches a maximum Pmax at 
just under 40% at about 18 dB output power. As shown by line segment 210, efficiency 
decreases linearly with decreasing power down to 8 dB. The very low efficiencies at relatively 

20 low output power are a result of relatively high qmescent currents in the amplifier stages during 
low power operation. 

[0048] As shown by graph 250 in FIG. 6B, the present power amp architecture provides 

essentially the same maximum efficiency 270 at the same output power Pmax as the single- 
segment final stage (configured to provide the same output power as the maximum power 
25 provided by the exemplary four-segment design). Furthermore, line segment 260 shows that 
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power efficiency in the present architecture also decreases linearly with decreasing power. 
However, at a certain predetermined reduction in efficiency 272 and/or detected output power 
274, one of the parallel segments 22a-d in the present architecture 10 (see, e.g., FIG. 1) turns off, 
thereby increasing the efficiency back to the maximum 270, but this time at a different output 
5 power. As the output power and efficiency decrease further along line segment 264, at the 
predetermined reduction in efficiency 272 and/or detected output power another of the parallel 
segments 22a-d turns off, and the efficiency jumps back to the maximum 270, this time at third 
output power different firom the first two output powers at which maximum efficiency is reached. 
This process and/or phenomenon are repeated along line segment 262. However, line segment 

10 260 represents the power efficiency- vs.-output power graph for a single active/enabled segment 
of the four parallel amp segments 22a-d in adjustable output stage 16. As a result, the efficiency 
shown in line segment 260 continues to decrease as a function of output power even after the 
predetermined reduction in efficiency 272 and/or detected output power is reached. In the 
preferred embodiment of FIG. 6B, each of parallel amplifier segments 22a-d is substantially the 

1 5 same as the other parallel amplifier segments. 

[0049] In one implementation, each doubling of the number of output amplifier segments 

selected for operation increases the output power by 6 dB. Thus, the power amplifier 10 of 
FIGS. 1-2, having four parallel output amplifier segments, increases the operational output power 
range for minimally efficient operation by 12 dB, a conmiercially significant increase in a 
20 relatively low power appHcation, such as wireless conraiunications. 

An Exemplary Integrated Circuit 

[0050] In another aspect, the present invention concerns an integrated circxiit (IC) that 

includes an adjustable amplifier, such as the exemplary architecture of FIG. 1 or the exemplary 
circuitry of FIGS. 2-5. In a preferred embodiment, the integrated circuit comprises the present 
25 adjustable amphfier, and a transmitter communicatively coupled to the adjustable amplifier, the 
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transmitter being configured to transmit the analog signal to the adjustable amplifier. The 
present integrated circuit is particularly suitable for high-speed, wireless applications. As a 
result, the analog signal transmitted and/or ampUfied by the present IC may have a frequency of 
from about 600 KHz to about 6 GHz. Furthermore, in various embodiments, the present 
5 integrated circuit comprises a transceiver compatible with and/or configured to commxmicate 
data in substantial accordance and/or compliance with a protocol defined and/or described in the 
Institute of Electrical and Electronic Engineers (ffiEE) 802.11, 802.11a, 802.11b, 802.11g, 
802.1 Ih, 802.1 li, 802.11n and/or 802.16 standards. 

[0051] FIG. 7 shows a block diagram of an 802.1 IG-compatible and/or -compKant RF 

10 transmitter system 300, into which the exemplary power ampUfier may be integrated. The input 
345 to power amp PA 305 is the output current of variable gain ampUfier (VGA) block 310. RF 
transmitter system fiirther includes, in series, a digital-to-analog (D/A) converter 315, a filter 
320, and an RF mixer 325, which provides the sijgnal input into VGA block 310. Mixer 325 also 
receives a local oscillator voltage signal VLO, by which the output of filter 320 is multiplied to 
1 5 provide VGA input 355. Antenna 330 is the load (which, in one implementation, is 50Q) that is 
driven through the switch 335 and an external matching network (see, e.g., FIG. 5 and the 
description thereof supra). 

[0052] While transmitter system 300 is discussed in the context of an integrated circuit, 

certain components (such as antmna 330, balun 335 and the external matching network) are not 
20 necessarily included in the same monolithic device as other components (such as PA 305 VGA 
block 310, D/A converter 315, a filter 320, and RF mixer 325). Even those components that are 
typically included in a monolithic semiconductor device may be included on separate or discrete 
devices. 

[0053] Thus, the present IC may comprise fiirther components such as a digital-to-analog 

25 (D/A) converter, a modulator or low pass filter, a mathematical logic operation block such as an 
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adder or multiplier, and a variable gain amplifier. The mathematical logic operation block may 
receive a control or reference signal, such as an oscillator output, on which the output of the 
modulator or low pass filter is mathematically operated to provide the VGA input. Thus, such 
fiirther components may be configured in series, in the order listed above. 

5 The System and a Wireless Network 

[0054] In a further aspect of the present invention, the system is configured to broadcast 

an analog signal The system generally comprises the above-described integrated circuit, a signal 
converter configured to provide a converted analog output signal firom the ou^ut signal of the 
adjustable amplifier, and a transmission antenna configured to broadcast the converted analog 
10 output signal. In one embodiment (and as described above), tiie signal converter may comprise a 
transformer. 

[0055] The present system generally includes elements of the output matching network 

described above with regard to FIG. 5. Thus, in one embodiment, the system further comprises 
an output capacitor and/or an output inductor coupled to the second common node; an adjustable 
15 resistor coupled to the output inductor (or to the second common node in the absence of the 
output inductor). Preferably, the system further comprises at least the output capacitor and the 
output inductor coupled to the second common node. 

[0056] hi yet further embodiments of the system, the output signal may comprise a 

differential signal, and the signal converter may be configured to convert the differential signal to 

20 a single-ended signal. In such differential output embodiments, the system may further comprise 
first and second output capacitors and/or first and second output inductors, respectively coupled 
to each line of the differential output signal, and/or a differential output capacitor, respectively 
coupled to each line of the differential output signal. Preferably, the differential output system 
fiirther comprises at least a first output capacitor and a first output inductor coupled to a first 

25 differential output signal line, a second output capacitor and a second output inductor coupled to 
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a second differential output signal line, and the differential output capacitor in communication 
with the ends of the first and second output inductors opposite those coupled to the differential 
output signal hues. 

[0057] The present invention also relates to a network, comprising the present system, 

5 and a receiver in electromagnetic communication with the system. Since the present invention 
enjoys particular applicabiUty to wireless data (and, alternatively, voice and/or video) 
communications, the network may further comprise a receiving antenna in communication with 
the receiver. 

[00581 Altematively, the network may comprise a plurality of the present systems, and a 

10 plurality of receivers, each of the receivers being in communication with at least one of the 
systems. In such a network, at least one of the systems is in communication with at least two of 
the receivers and/or at least two of the systems are in communication with at least one of the 
receivers. 

An Exemplarv Method 

[0059] The present invention further relates to a method of amplifying an analog signal, 

comprising the steps of (a) ampUfying the analog signal in a fixed amplifier stage; (b) selecting a 
number of parallel amplifier segments for subsequent signal amplification; and (c) amplifying the 
amplified analog signal with the activated parallel, selectable amphfier segments to generate an 
output signal in a imique output power range corresponding to the number of selected parallel 
amplifier segments. 

[0060] While the operation of the present power amplifier circuitry is generally described 

above, in one implementation, the selecting step comprises applying a bias to those amplifier 
segments that are to be selected. In further embodiments, the value of the bias corresponds to the 
number of selected amplifier segments, the bias may be generated Gcom a prograirmiable current, 
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and/or the method may further comprise detennining a value of the programmable current based 
on the number of selected amplifier segments. 

[0061] Altematively or additionally, the present method may further comprise the step(s) 

of generating the bias (which may take the form of a bias current or a bias voltage) and which 
5 may be generated independently for each selected parallel amphfier segment; matching the 
output signal frequency to each of the parallel amphfier segment inputs; and/or broadcasting the 
output signal. 

[0062] Furthermore, and as explained in greater detail above, the output signal may have 

a minimum power efficiency when two or more of the parallel amplifier segments are selected, 
10 and that minimum power efficiency may be at least 50% (preferably at least 60%) of the 
maximum efficiency of an amphfier circuit including the present fixed and adjustable stages 
(including the parallel amplifier segments), hi various embodiments, the output signal may have 
a minimum frequency of about 1 GHz, about 2.4 GHz, or about 5 GHz. 

An Exemplarv Implementation 

15 [0063] FIG. 8 shows a block diagram of an implementation of the present power 

amphfier PA. The exemplary PA implementation 400 of FIG. 8 is a fully differential design, and 
relies on a balun extemal to the PA (and optionally extemal to the integrated circuit that includes 
the PA; see FIG. 7 and the corresponding discussion above) to convert the differential PA output 
to a single-ended signal. The primary functional blocks or power amp 400 include current 

20 amphfier 410, power amp second stage 420, differential output signal generator (adjustable PA 
stage) 430 and bias section 440. Power amp second stage 420 is, in this implementation, an 
inductively loaded common emitter amphfier. In this implementation, adjustable power amp 
third stage 430 is an open-collector common emitter differential amphfier. 
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[0064] Bias section 440 generally includes stage 1 bias circuit 442, stage 2 bias circuit 

444, stage 3 bias circuit 446 and current mirror 448. Current mirror 448 provides reference 
currents (which may be the same or different) to stage 1 bias circuit 442 on line 452 and stage 2 
bias circuit 444 on line 453. In this implementation, current mirror 448 is a conventional bipolar 
5 current mirror, and as such, will not be further described. Complementary reference bias signals 
(e.g., positive and negative, or n and p) are provided to first stage 1 bias circuit 442 on lines 456 
and 457, stage 2 bias circuit 444 on lines 458 and 459, and stage 3 bias circuit 446 on lines 461 
and 462. Stage 1 bias circuit 442a generates stage 1 bias signal BIASl at output 464. Stage 2 
bias circuit 444 generates stage 2 bias signal BIAS2 at output 465. Stage 3 bias circuit 446 
10 generates stage 3 bias signal BIAS3 at output 466. The present power amplifier may be 
configurable, and some or all of the power amplifier configuration bits may be input into current 
mirror 448 and the stage 1, 2 and 3 bias circuits 442, 444 and 446 at inputs 445a-d, respectively. 

[0065] Current amplifier 410 receives differential input signals INN and INP on 

differential input bus 404-405 and stage 1 bias signal BIASl at input 401. Current amplifier 410 
15 provides a differential output signal OUTIN/OUTIP that serves as an input to the power amp 
second stage 420 after filtering through RC circuits 412 and 414. Second stage 420 (shown m 
greater detail in FIG. 9) also receives stage 2 bias signal BIAS2 at input 41 1 and generates a 
differential output signal OUT2N/OUT2P that serves as an input to the power amp adjustable 
third stage 430 after filtering through RC circuits 422 and 424. 

20 [0066] In this implementation, power amp differential output signal generator (adjustable 

stage) 430 includes four amplifiers in parallel, as described above and shown in FIGS. 1 and 2. 
Referring back to FIG. 8, adjustable stage 430 also receives stage 3 bias signal BIAS3 at input 
421 and second, third and fourth parallel amp selection/enable signals at inputs 426, 427 and 428, 
respectively. The state of each digital parallel amp selection/enable signal is independent of the 

25 others, and is determined by the value of the output power as measured by a power detector (not 
shown). For power amp operabihty, at least one of the four parallel amplifiers in adjustable stage 
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430 must be enabled at all times; as a result, no independent enable signal is necessary for the 
first parallel amp in the adjustable stage. Adjustable stage 430 provides differential power amp 
output signals PA_ON and PA_OP. 

[0067] FIG. 9 shows second stage 420 in greater detail. Second stage 420 is a common 

5 emitter stage with inductive loading. Bipolar transistors 502 and 504, which receive differential 
input signal vin/vip at their respective bases, form a common emitter differential amplifier pair. 
Inductor 510 is a differential, center-tapped inductor that serves as the load for second stage 420. 
A bias current BIAS2 firom a second stage bias generator (see stage 2 bias circuit 444 in FIG, 8) 
is input into current mirror 540 to generate an intrastage bias that is applied through a pair of 
10 resistors to the differential input vin/vip. 

[0068] FIG. 10 shows one parallel amplifier segment 600 of adjustable stage 430 in 

greater detail. Note that adjustable stage 430 includes four such amplifier segments 600 in 
parallel, commonly coupled to differential input nodes vip 605 and vin 615 and differential 
ou^ut nodes vop 625 and von 635. One, two, three or four of the parallel amplifier segments 
15 600 may be enabled for use, depending on the target output power. Bipolar transistors 610 and 
620 form an open collector differential pair. The bases of transistors 610 and 620 are ballasted 
by resistor arrays 630 and 640 to prevent current collapse due to a non-unifomi current 
distribution in output devices 610 and 620. 

[0069] Center-tapped inductor 650 is configured to serve two functions: (1) to supply 

20 current to, and (2) to resonate with the capacitance at, the bases of output devices 610 and 620. 
By resonating with the base capacitance of the output devices, inductor 650 helps to present a 
real and higher impedance termination for the inter-stage matching network (see, e.g., FIG. 4 and 
the corresponding description above). Due to the low Q of the resonant circuit at the inputs of 
the output devices 610 and 620, second stage 420 generally drives a low impedance, which is 
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typically difiScult to match at relatively high output power levels. To mitigate this problem, an 
impedance transform is implemented by an L-match in the inter-stage matching network. 

[0070] hnpedance matching in the present power amp may be accomplished by adjusting 

the length of the microstrip transmission lines 130/132 (see FIG. 5) with a sUding capacitor. 
Under nominal conditions, the 50Q antenna impedance can be transformed to any real impedance 
within a predetermined range. This allows for timing in the event that the power amp 
characteristics do not match simulations. 

[0071] The adjustable stage of this exemplary power amplifier has a distinct class of 

operation, as determined by the conduction angle of each half of the differential pair of output 
transistors 610 and 620 (see Table 1 below). Each of the current amplifier stage and the 
predriver (second) stage operate in class A, corresponding to a 360** conduction angle. 



Class of Operation 


Conduction Angle 


A 


360° 


AB 


180°<x<360° 


B 


180° 


C 


<180» 



Table 1. Operational class conduction angles. 



[0072] It was determined through simulation and theory that the best linearity could be 

realized by class AB amphfier operation in the adjustable stage 430 (see FIG. 8). This was a 
result of balancing the strong and weak non-linearities of the output devices 610 and 620 (see 
FIG. 10). If the output devices 610 and 620 have a sufficiently high conduction angle (e.g., about 
360®), then the amphfier will exhibit monotonically decreasing gain with input amplitude. If the 
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output devices 610 and 620 have a low conduction angle (e.g., ^180°), then the amplifier will 
exhibit gain expansion at relatively small input amplitudes and gain compression at relatively 
large input amplitudes. The optimal class AB bias point balances the effects of gain expansion 
and gain compression to achieve the largest linear range of operation. The increased PldB as 
5 compared to a class A amplifier comes at the expense of lower small amphtude signal gain. The 
conduction angle of the output stage may be programmed by setting a programmable current 
source in the power amp stage 3 bias circuitry 446 (see FIG. 8). 

CONCLUSION / SUMMARY 

[0073] Thus, the present invention provides an adjustable, segmented amplifier, systems 

10 including such an amplifier, and methods for ampUfying an analog signal using such an 
amplifier. The amplifier generally comprises (a) a first fixed stage configured to ampUfy an 
analog signal and provide a first amphfied output at a first common node; and (b) an adjustable 
stage comprising a plurahty of independently selectable parallel amplifier segments, each of the 
parallel amplifier segments having an input at the first common node and an output at a second 

15 common node, wherein the adjustable stage is configured to provide an output signal in one of a 
plurality of power ranges corresponding to the number of selected parallel amplifier segments. 
The systems generally comprise an integrated circuit (IC) that includes the present amplifier. 
The methods generally comprise the steps of (1) amplifying the analog signal in a fixed amplifier 
stage, (2) selecting a number of parallel amplifier segments for subsequent signal amplification, 

20 and (3) ampUfying the amplified analog signal with the activated parallel, selectable amplifier 
segments to generate an output signal in one of a plurality of predetermined output power ranges 
corresponding to the mmiber of selected parallel amplifier segments. The present invention 
advantageously provides a power amplifier that operates efficiently over a large output power 
range, that exhibits unconditional stability over a wide output power range, and that does not 

25 consume an inordinate amount of chip area. Furthermore, in certain preferred embodiments, the 
present amplifier exhibits excellent input and/or output matching and/or an insignificant and/or 
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immaterial degree of parameter variability, regardless of the number of parallel output segments 
that are selected for operation. 

[0074] The foregoing descriptions of specific embodiments of the present invention have 

been presented for purposes of illustration and description. They are not intended to be 
5 exhaustive or to limit the invention to the precise forms disclosed, and obviously many 
modifications and variations are possible in light of the above teaching. The embodiments were 
chosen and described in order to best explain the principles of the invention and its practical 
appUcation, to th^eby enable others skilled in the art to best utilize the invention and various 
embodiments wifli various modifications as are suited to the particular use contemplated. It is 
10 intended that the scope of the invention be defined by the Claims appended hereto and their 
equivalents. 
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